The integration of genomics research into the undergraduate biology curriculum provides students with the opportunity to become familiar with bioinformatics tools and answer original research questions. Our purpose with this research project was to upscale the research experience through integration with classroom experience giving students access to authentic research projects. Students annotated 60 predicted ABC genes of Methanothermobacter thermautotrophicus and Methanobacterium sp. SWAN-1, and they were required to present a research poster to demonstrate their understanding of the project. During this research project a number of tests, assessments and surveys were conducted to assess familiarity with technical and conceptual understanding of genome annotation, satisfaction with annotation instruction, gain in bioinformatics research skills, scientific communications skills and increased student interest in research. We found that students gained significant skills in bioinformatics, specifically genome annotation skills and also gained confidence in their abilities to carry out scientific research. As a result of this authentic undergraduate research experience under-represented students were motivated to pursue future careers in STEM fields.
INTRODUCTION
Genome annotation is the process of identifying and attaching biological information to genome sequences. In the last few years, many genomes have been sequenced but only a small percentage of them have been manually annotated to reveal important information (for example, in our current project we discovered that a particular gene in the microorganism Methanothermobacter thermautotrophicus had been erroneously classified by automated annotation as a transporter gene when in reality this gene coded for a cell surface glycoprotein). In this project, genome annotation was integrated into the laboratory curriculum as a means of introducing authentic scientific research into the undergraduate curriculum. This approach led us to integrate genome annotation into an existing genetics course to create an exciting research program catering to our students.
Due to a myriad of technological advances, DNA sequence data are being generated at a much faster rate than was predicted; this creates a gap between the actual generation of data and its analysis. Genome annotation involves gathering DNA sequence information from an organism and placing it into a biological context. By predicting specific features in the DNA, it is possible to predict the function and significance of that particular gene in an organism. Although automated annotation approaches do have a utility, it is estimated that 5%-40% of automated annotations currently present in various databases are actually incorrect (Schnoes et al. 2009; Poptsova and Gogarten 2010) . In order to narrow the gap between production and analysis and to fulfill educational goals of incorporating inquiry-based learning projects into the curriculum, genomics/bioinformatics is a perfect way to educate, inspire and encourage the development of 21st Century skills in the students (www.visionandchange.org; www.P21.org; Hofstein and Lunetta 2004; Wood 2009; Woodin, Carter and Fletcher 2010) .
A number of educators have been able to integrate bioinformatics into the life science curriculum by incorporating the Integrated Microbial Genomics Annotation Collaboration Toolkit system, now known as GENI-ACT (Genomics National InitiativeAnnotation Collaboration Toolkit) into their courses (Dyer and LeBlanc 2002; Kerfeld and Simons 2007; Ditty et al. 2010; Shaffer et al. 2010; Baumler et al. 2012; Bugarcic et al. 2012) . By successfully merging student interest and mastery of computers (McDaniel et al. 2007 ) with the difficult concepts of molecular biology (Tibell and Rundgren 2010) , educators are able to enrich critical thinking problems for their students in the framework of novel original research (Kerfeld and Scott 2011) .
Genomics and bioinformatics are important tools to fulfill educational goals of incorporating inquiry-based learning projects into the curriculum (Campbell 2002; Brame, Pruitt and Robinson 2008; Hacisalihoglu et al. 2008) . The GENI-ACT laboratory module provides students with an inquiry-based project where students learn about scientific research and put it into practice by hypothesizing protein-coding genes. They collect evidence in support of or against their hypotheses using the GENI-ACT toolkit. The annotations that students complete in the laboratory introduce them to computational biology and help them understand the capabilities and limitations of bioinformatics (Beagley 2013 ) and the process of scientific research. GENI-ACT may also serve as a scaffold around which wet lab research projects may be designed at an institution since some of the organisms that have been sequenced have not yet been very well studied (Baumler et al. 2012) .
The learning outcomes for this study were for students to understand genome annotation and independently annotate microbial genes using several bioinformatics software programs, hypothesize the function of the gene(s) and validate their hypothesis by providing supporting evidence from their research. Finally, they should be able to name the gene based on their data (annotation) and present a research poster.
In this study, we will highlight how the integration of genomics research into the undergraduate curriculum impacted research skills (technical and conceptual understanding of genome annotation and bioinformatics research skills), scientific communications skills (preparation and presentation of a poster) and if the project increased student interest in scientific research and research careers. We will also present student selfassessment data from several cohorts of students supporting the hypothesis that authentic undergraduate research activities can improve research skills and encourage students to continue along the STEM career pathway.
METHODS

General study design
Methanothermobacter thermautotrophicus and Methanobacterium sp. SWAN-1 were our organisms of choice for the Trinity Washington University genome annotation project. Methanothermobacter thermautotrophicus is a methanogenic (can generate methane) archaea that was first isolated from sewage sludge in Urbana, Illinois. It is economically important because it can generate biogas from waste that can then be used as an alternative energy source. The genome of M. thermautotrophicus is 1.75 million bp long and contains ∼1921 predicted genes (Smith et al. 1997) . Around 40 of these genes have been predicted to be ATPbinding cassette (ABC) genes. ABC transporters are active transporters that can pump substrates into or out of cells or cellular compartments using the energy of ATP. Methanobacterium sp. SWAN-1 has a genome sequence of 2.5 million bp long and contains 2500 predicted genes. It was originally isolated from the peat lands in New York State (USA), and it is a gram-negative methanogen (Cadillo-Quiroz et al. 2014) . Methanobacterium sp. SWAN-1 has only around 20 predicted ABC transporters. We chose ABC transporters to annotate because they are important in determining the efflux of toxic substances and uptake of essential substances. ABC genes have been evolutionarily conserved from bacteria to humans (Moitra, Lou and Dean 2011; Moitra 2012 ) and genetic studies of ABC transporters provide important insights into the biology of microbes that may be applied to human health . The genome annotation system that we utilized encompasses a package of bioinformatics tools developed by the Department of Energy Joint Genome Institute (JGI). This genome annotation toolkit is known as GENI-ACT and is an online suite of programs for microbial genome annotation. JGI hosts the online GENI-ACT suite of programs (Shaffer et al. 2010 ) that guides students through different types of bioinformatics analyses. GENI-ACT also has an online laboratory notebook where students can post their genome annotation results. GEBA (Genomic Encyclopedia of Bacteria and Archaea) associated with GENI-ACT provides a multitude of genomes to annotate. The genome annotation project was introduced as part of the Introductory Genetics and Cell and Molecular Biology laboratory course replacing (in part) traditional laboratory experiments. Genome annotation and associated activities made up around 70% of the laboratory grade for the course. Over the course of three academic years, 45 students annotated 60 predicted ABC genes in two microorganisms. Data were collected for 33 students enrolled in the course.
Gene annotation methods
GENI-ACT has nine modules (that are described in detail at website: http://GENI-act.jgi-psf.org/tour/modules): basic information, sequence-based similarity data, cellular localization data, alternative open reading frame, structure-based evidence, enzymatic function, duplication and degradations, horizontal gene transfer and RNA (please see Appendix 1 for details). Initially, students were required to complete seven of the nine modules (Fall 2013 , Spring 2014 , but in subsequent semesters students completed five modules since we discovered that only five modules are actually required to annotate a gene. The students were provided annotation protocols modified by the instructor from existing GENI-ACT protocols to assist in their annotations. Genes were annotated in class and as homework with the instructor demonstrating the process and pausing to explain key concepts. In 2015, we added video screencasts of genome annotation to provide students with an additional resource to assist with the annotations. All the modules are described in detail in Appendix 1. Records were kept in an online electronic notebook. After the students had finished annotating the genes, they Table 1 . Post-course student survey results for genome annotation. The table shows the questions, the number of students (n), the mean of each scored question. were asked to present a poster at a poster conference on campus to faculty, staff, students and invited guests.
Survey questions n Mean
Annotation instruction
Assessment methods
Quantitative design
We used two sources of quantitative data for this study: GENI-ACT pre/post survey and students' course assignments (genome annotation assignments). The GENI-ACT surveys provided quantitative data illustrating students' familiarity with gene annotation upon entering and completing the course. Scores from specific assignments related to the gene annotation (the correct annotation of two unknown genes) provided the second source of quantitative data. The assignment scores (grading of the genome annotation online notebook) comprise the quantitative data used to understand students' technical and conceptual understanding of the genome annotation project. In order to find potential differences in student levels of understanding of gene annotation process, t-tests were conducted using the gene annotation notebook grade for years 2014 and 2015. Scores were compiled for all students who completed the course, the number of students in 2013 (Spring and Fall) was 18, Spring 2014 was 12 and Fall 2015 was also 12, yielding a total sample size of 42 students over 3 years (2013) (2014) (2015) . Precourse/post-course tests: students were asked to take a precourse test consisting of nine questions related to genome annotation. The results were analyzed using one-tailed and twotailed t-tests (see statistical analysis section). The same test was given post-course (please see Appendix 2 for sample test questions). Genome annotations were graded and given a score out of 140 possible points for each annotation. More specifically, the possible total points for each item in the annotation was scored as 5 points; for example, the BLAST search total score was 5 points, WEBLOGO total score was 5 points, so on and so forth for a total of 140 possible points from the graded items. If a student made an error in any item or in interpreting the data derived from any item, then the instructor would take off points depending on the extent of the error. Students were administered a post-course survey specifically developed for addressing the following themes: Annotation Instruction, Research Skills and Research Aptitude, Genome annotation satisfaction, Communication of Results, and Research Career. The self-assessment survey contained 18 questions. The surveys were scored with the aid of a system by which Strongly Agree = 5 points, Agree = 4 points, Neutral = 3 points, Disagree = 2 points, Strongly Disagree = 1 point. The scores for each question were averaged. The survey questions are incorporated into Table 1 .
Statistical analysis of data
All statistical analysis was carried out in MS-Excel including ttests, charts and graphs. One-factor t-tests were used to compare the pre-test and post-test scores with the criterion of success (set at 70% for test assessment). A two-tailed paired t-test was used to compare the pre-test and post-test results (McDonald 2009) . For the survey analysis, the means were calculated in MS Excel. All graphs and charts were drawn in MS Excel.
RESULTS
Student knowledge of genome annotation and annotation software increased after taking the course and students exhibited a tremendous gain in knowledge of genome annotation over the semester
Students were asked to take a pre-course test consisting of nine questions related to genome annotation and annotation software. The questions included a multipart problem-solving question as well as some basic questions (Appendix 2). A pre-test/post-test analysis was performed to measure studentlearning gains in genome annotation. A total of 33 out of 42 students completed both the pre-and the post-tests for the assignment. The class average on the pre-test was 15.2% ± 4% (mean ± 95% confidence interval). A total of 0 out of 33 students (0%) met or exceeded the criterion of success for the pre-test. The difference between the pre-test score and the criterion of success was statistically significant: t(33) = -26.53, P < 0.001. The difference between these scores had a very large effect size (Cohen's d = -5.2). The class scores on this test fell far short of meeting the criterion of success for this assessment. The class average on the post-test was 83% ± 4.3% (mean ± 95% confidence interval). A total of 31 out of 33 students (93.9%) met or exceeded the criterion of success for the post-test. The difference between the post-test score and the criterion of success was statistically significant: t(32) = 5.93, P > 0.05. The difference between these scores had a large effect size (Cohen's d = 1.03). The class scores on this test greatly exceeded the criterion of success for this assessment. The difference between the pre-test and post-test scores (67.8%) was statistically significant using a two-tailed paired t-test: P < 0.001. These results demonstrate that the class did much better on the post-test than they did on the pre-test suggesting that there has been a tremendous gain in knowledge in genome annotation over the semester (Fig. 1) .
Student annotation grades suggested that the majority of the students had mastered genome annotation
On grading the e-notebook of genome annotations, the class average (mean) was 135/140 in Fall 2013 , 134.6/150 in Fall 2013 , 136.08 in Spring 2014 and 130/140 in Fall 2015 . This suggests that most of the students had mastered the technique of genome annotation. We did a two-tailed t-test to compare the student data between years 2014 and 2015 and found that there was a significant (4%) difference in genome annotation scores between these 2 years (P < 0.010). On closer inspection of the data from Fall 2015 where the students had on average scored lower than the previous year (Spring 2014), it was found that students had problems in finding the appropriate pathway using KEGG and could not correctly predict the specific location of the protein due to conflicting outcomes of TMHMM/PSORT/Phobius. In this particular year, the instructor had posted screencasts/videos of the annotation procedure and had taken a more hand's off approach to mentoring the students which may be one factor that possibly could account for the differential outcome. However, it is important to interpret these differences with caution. In particular, while the means are statistically different, these differences could be attributed to noise in the dataset such as difference in student ability.
The post-course student survey indicated that students gained research skills and acknowledged that genome annotation was a very positive experience Deconstructing the responses in the self-assessment survey provided insights in student experience in the course. The survey results are depicted in Table 1 Box and whisker plot depicting pre-course and post-course analysis of the two genome annotation tests. The class average on the pre-test was 15.2% ± 4% (mean ± 95% confidence interval). The class average on the post-test was 83% ± 4.3% (mean ± 95% confidence interval). The data was compiled for 33 students over 3 years. It is clear that the students did much better on the post-course test than on the pre-course test.
and Independent Research. The survey questions are incorporated into Table 1 . Each category is discussed separately below.
Annotation instruction
Students responded well to this section, all the questions under this section received an average score over 4.55 out of a maximum of 5. The survey indicated that the annotation instructions that the students received was very good (mean score: 4.70/5), that they were taught the proper scientific way to annotate genomes (4.48/5), they were also taught how to use the various genome analysis tools (4.36/5) and the course as a whole effectively taught them how to annotate genomes (4.48/5). Finally, the students agreed that their instructor served as a motivated mentor and advisor for their project (4.76/5) suggesting overall that the instruction and mentoring that they received was more than adequate for the students to learn genome annotation.
Research skills and research aptitude
Students agreed that they learned to use computational tools that would be helpful in future research career (4.67/5), working on the annotation project helped them to learn gene/protein structure and function more effectively (4.67/5), they gained an appreciation for the challenges of research projects (4.55/5) and felt more prepared to face any future research projects (4.36/5). Most importantly students did gain a sense of accomplishment and a sense of contributing to the field of genomics (4.21/5) through the annotation project, which was very encouraging since the students did realize that they were contributing original data to the research project.
Genome annotation satisfaction
Questions in this section were tailored to gauge if the students were satisfied with the new genome annotation curriculum. Students agreed that they would recommend the course to another student (4.58/5), that genome annotation helped them to understand basic concepts in genetics (4.21/5) and that overall genome annotation had been a positive experience for the students (4.61/5). The one question that was scored lower was if the students enjoyed genome annotation and preferred doing it over wet labs (3.58/5) suggesting that although the students did enjoy doing the annotations, some of the students did not strongly agree that they enjoyed doing them more than wet labs. From this, we can conclude that there is a place in the curriculum for wet labs but also room for addition of computational laboratory assignments.
Communication of results
Students were required to communicate their results by preparing a poster and presenting it in an open poster session to their peers, professors and invited guests (including faculty from other universities and student interns from the non-profit advocacy group Genetic Alliance). Students were asked if they learned to effectively communicate with an audience (through presenting their research posters); they were in somewhat overall agreement with this question in the affirmative (3.91/5). Surprisingly, the mean fell very low in answer to the question asking if students enjoyed communicating their research to their peers and professors, where the mean was 3.67, suggesting that at least some of the students were still not comfortable speaking about their research and needed to develop more confidence and practice their communication skills.
Research career and independent research
Students agreed that they had more interest in pursuing an advanced degree or following a career in Biology based on their experience in genome annotation (4.24/5), and that they would like to pursue future research based courses (4.27/5). These data indicate that as a result of their research experience, students were motivated to pursue research and continue on to an advanced degree. This is very encouraging because sometimes it is very difficult for female students to pursue an advanced degree due to family and other obligations.
Overall, the student reception to the new addition of genome annotation to the genetics curriculum was very positive. Working on the annotation project helped the students to learn gene/protein structure more efficiently, students effectively learned to communicate their research results and that the students were on the whole very receptive to genome annotation being a part of the genetics curriculum and were inspired to continue on a STEM path.
Student poster conference
The students took part in a poster conference to present their genome annotations. A sample poster is depicted in Fig. 2 . On the whole, most of the students did enjoy communicating their research (score of 3.67/5 on the survey), but clearly some of the students still felt uncomfortable with presenting their research.
DISCUSSION
Through this study students have successfully annotated 60 predicted ABC genes in M. thermautotrophicus and Methanobacterium sp. SWAN-1 from 2013 through to 2015. A huge advantage of incorporating genome annotation into the curriculum is that the project can scale up undergraduate research experiences for students and allow many more students to participate in research experiences. Incorporating genome annotation into the curriculum allows cohorts of students to participate in an authentic research project. It creates a vibrant undergraduate research program and establishes a means for incorporating bioinformatics research into the undergraduate curriculum. By integrating research into the undergraduate curriculum, we are giving underrepresented minority students a chance to experience authentic research first hand and develop the confidence to succeed in science. It has been documented (Lopatto 2004 ) how participating in undergraduate research has been not only a career-changing but also a life-changing experience for students, giving them the empowerment to succeed. The process of 'active learning' is an approach sometimes used by science educators. Students engaged in active learning do not just listen passively to lectures but discover, process and apply information pertaining to a particular problem (McKinney 2008) . Two of the basic principles involved in active learning are as follows: (i) learning is an active process and (ii) different people have different ways of learning (Meyers and Jones 1993) . Active learning students are involved in higher-order thinking (analysis, synthesis, evaluation) (Bonwell and Eison 1991) and the active learning process (learning by doing) has been shown to increase learning capability and student confidence in undergraduate classrooms. When students participate in original research, active learning, inquiry-based learning and alternative strategies to learning, they become more engaged and experience a sense of inquiry that is the primary driving force for scientists (Suchman et al. 2001; Wyckoff 2001; Klionsky 2002; Harwood 2003; Malacinski 2003; Smith et al. 2005) .
Our study demonstrates that minority undergraduate students successfully mastered genome annotation research and annotated 60 predicted ABC genes. Importantly, students experienced a tremendous gain in knowledge over the semester regarding genome annotation and bioinformatics. The students enjoyed annotating genes, gained confidence and research skills, and overall it was a positive experience for them. Students self-reported that they enjoyed this scientific inquiry project so much that they wanted to pursue future careers in scientific research; they also reported that genome annotation helped them understand how scientific research is conducted. They reported that the experience they gained during this research project made them much more confident in applying for future internships and research opportunities. They felt that they were engaged, interested, better prepared to apply for internships and could understand the applications of biological research better as a result of this novel and authentic undergraduate research experience. Most of the students would also like to participate in future research-based courses and choose biology/STEM research as a future career choice that is very encouraging, considering that in the present day and age it is very difficult to retain students, especially women in STEM careers.
SUPPLEMENTARY DATA
Supplementary data are available at FEMSLE online.
